Introduction
Since the 1990s, both inorganic and organic nanoporous layers have appeared as very attractive materials with many potential applications in the fields of biochemistry, [1, 2] electronics, [3] optics, [4] and photonics. [5] In particular, their high porosity enables the fabrication of high-quality low-dielectric constant thin films that are of paramount importance for the newest micro-and optoelectronic devices. [6] [7] [8] In the latter field, nanoporous inorganic layers, [9] [10] [11] as well as textured polymer films, [12] have been studied in order to improve light out-coupling from light-emitting devices. Nanostructured composite films have also been developed for optical applications such as light harvesting and energy conversion in solar cells [13] [14] [15] [16] [17] or interference filters. [18, 19] The added value of nanoporous films is the possibility of achieving low refractive index (n) values, which nowadays are highly demanded in several basic components of integrated optics circuits, such as, for instance, in planar waveguides for an optimized light confinement. [8, 20, 21] Moreover, the introduction of low-n films has represented a very important break-through in the development of interference antireflection (AR) coatings, which play a pivotal role in a wide variety of optical devices by increasing light transmission at the interfaces, i.e., by eliminating unwanted reflections and glare. The basic principle of AR films is known since more than two centuries: [22, 23] optical elements based on glass and common plastics have n values in the range of 1.45-1.7 [24, 25] and, consequently, they reflect up to 10% of normal incident light. This latter reflection can be suppressed at a given wavelength by coating a single AR layer with (i) n f ¼ (n s n a ) 1/2 (n f , n s , and n a being the indices of film, substrate, and air, respectively) and (ii) an optical thickness that is one fourth of the reference wavelength. [26] While condition (ii) can be easily met, condition (i) requires n f % 1.2-1.3 to achieve efficient AR coatings, but, unfortunately, for homogeneous dielectrics the lowest attainable n values are around 1.35. [24, 25] To overcome this issue, since the 19th century, [23] nanoporous materials have been proposed for AR applications. If the pore size is much smaller than the wavelength of light, the average n f value can be drastically reduced with a very limited light scattering. Moreover, the possibility of tuning n f by varying the pore size enables the fabrication of graded-index coatings. While single-layer AR coatings work only at a single wavelength and at normal incidence, these multilayer films can achieve broad-band AR performances both for polarized and unpolarized light over a wide range of incidence angles. [24, 26] Deposition or etching techniques, [27] [28] [29] [30] [31] sol/gel or evaporation-induced self-assembly processes [32] [33] [34] as well as nanoparticle coating, [35] [36] [37] [38] [39] have allowed both academic and industrial researchers [40, 41] to develop inorganic nanoporous layers with n values in the order of 1.1 or lower and, consequently, AR coatings with a minimum reflectivity of a few % in the visible spectral range. Besides these methods, nanoporous polymer coatings have lately appeared as a very attractive alternative due to their ease of processing. [42] [43] [44] [45] [46] [47] [48] [49] [50] Although such organic films reach n values as low as 1.1-1.2, their application is still limited by a few technological issues such as the difficulty of uniformly coating large areas and flexible polymer substrates. Finally, most of these techniques have been developed at the laboratory scale, while really costeffective industrial processes are still lacking. In this paper, we report on hybrid polymer nanoporous films coatable in a single-step process on flexible polymer substrates over very large surfaces. An industrial roll-to-roll aqueous-based technique was used that starts from polymer suspensions of inorganic nanoparticles. Once deposited on a substrate, the solution is dried and a hybrid layer with a nanoporous morphology is formed: nanometer-size air pores appear between nanoparticle agglomerates of few hundred nm with the polymer acting as a simple binder. [11, 51] By properly controlling the nanoparticle surface, the solution composition or the fabrication process and, in particular, by varying the nanoparticle material, e.g., silica (SiO 2 ), aluminum oxide/hydroxide (AlOOH), or titania (TiO 2 ), nanoporous layers are obtained with an average refractive index that can range from very low (n < 1.2) to low (1.2 < n < 2.0) values in the visible spectral region. [11, 51, 52] Here, we focus on highly transparent (transmission higher than 90%) very low-and low-n (1.13 < n < 1.4) SiO 2 -based films that were combined to coat graded-n multilayers over polymer substrates with a precise control over the layer thickness and the optical properties. Broad-band AR films were thus obtained that reduce the surface reflection from 10% to few % in the visible region.
Since several decades, roll-to-roll techniques have enabled the coating of high quality optical and photographic films. In particular, the aqueous-based curtain and cascade coating techniques are already used to produce hybrid multilayers with a total thickness of few mm by simultaneously depositing up to eight functionalized polymer layers.
[52] In the 1990s, with the introduction of the ink-jet printing, these techniques were further developed to fabricate novel nanoporous films as printing media for photo-quality inkjet prints. Here we demonstrate that such films possess very good optical properties that can eventually be exploited for the development of opto-photonics devices such as AR coatings. With respect to other nanoporous polymer films, [42] [43] [44] [45] [46] [47] [48] [49] [50] they are already produced with a versatile industrial technique that easily allows the coating of uniform and well-controlled films over large areas.
Experimental Part Materials
All nanoporous layers were coated on transparent substrates consisting of a thick (%175 mm) poly(ethylene terephthalate) (PET) Cronar 1 742 film covered by a 100-nm adhesion layer on both faces (DuPont Teijin Films). These latter adhesion layers consist in a nonporous coating from a mixture of different polymers that enables the adhesion of hydrophilic layers obtained from water-based coating procedures on the PET substrate. Polyvinyl alcohol (PVA) and boric acid (or sodium tetraborate) were used as binder polymer and hardener, respectively. The coating solution was prepared using: (i) 
Film Coating
The SiO 2 -based films were fabricated using a Meyer-bar coater and different coating solutions were prepared by dispersing SNPs and LNPs in a PVA solution. We highlight the fact that the film porosity (i.e., its refractive index) is strongly affected by both the
PVA content and the intended film thickness. Therefore, the composition of such solutions was set to minimize the PVA content (i.e., to maximize the film porosity) while keeping an acceptable mechanical stability. Two different sets of samples were obtained depending on the size of the primary SiO 2 nanoparticles, i.e., SNP and LNP films. For these latter layers the surface of the SiO 2 nanoparticles was modified by applying the method described in ref.
, [51] while for the SNP films the SiO 2 nanoparticles were used as received. Typical LNP-coating solutions were prepared by dispersing the nanoparticle powder in deionized water at 40 8C with a Branson sonifier, while for the SNP films the SiO 2 nanoparticles were dispersed with a high-sheer mixer at room temperature at a pH above 8.5 (i.e., 5-10 mg NaOH per g SiO 2 ). The PVA binder was prepared as a separate solution and combined with a surfactant (10G from Olin Corp.), the nanoparticle dispersion and, shortly before the film deposition, the hardener (boric acid or sodium tetraborate). Typical compositions of the coating solution for the SNP and LNP films with a ratio SiO 2 /PVA ¼ 7:1 and 6:1, respectively, are the following: (i) 36 mL water, 2.5 g SiO 2 nanoparticles, 0.35 g PVA, and 0.02 g sodium tetraborate; (ii) 42 mL water, 5.4 g SiO 2 nanoparticles, 0.9 g PVA, and 0.2 g boric acid. After coating the solution, the SNP and the LNP layers were dried in an oven for 30 min with a laminar flow of dry air at 458. Similar coating procedures were adopted to fabricate the AlOOH-and TiO 2 -based films. Concerning the preparation of the coating solutions, while the AlOOH primary nanoparticles were used as received and acids were added to favor their dispersion, the TiO 2 nanoparticles were directly purchased as dispersions.
For the AR multilayers, the coating solutions were prepared using the SiO 2 -SNPs. Two nanoporous layers with low and high porosity (i.e., high and low n, respectively) were then coated one on top of the other. Standard compositions of the coating solutions for the low porosity/high-n and the high porosity/low-n layers with a ratio SiO 2 /PVA ¼ 0.9:1 and 4:1, respectively, are the following: (i) 35 mL water, 0.8 g SiO 2 nanoparticles, 0.9 g PVA, and 0.01 g sodium tetraborate; (ii) 35 mL water, 1.3 g SiO 2 nanoparticles, 0.3 g PVA, and 0.01 g sodium tetraborate. After coating the solution, the layers were dried in an oven with a laminar flow of dry air at 45 8C for 30 min. We observe that, since the adhesion layer is a polymerbased layer specifically designed to adhere to the PET substrate, as well as to any hydrophilic layer obtained by water-based coating procedures, the adhesion of the first nanoporous monolayer is always excellent. All the additional layers coated on top of the first layer have a very similar composition and will thus adhere perfectly to it. Moreover, as it will be discussed in the following, our nanoporous layers have an intrinsic surface roughness that depends mainly on the size of the nanoparticle agglomerates, the dispersion quality and, on a larger scale, the coating process. Due to the high dilution of the coating solution, a second layer coated on top of a slightly rough dried layer will partly level out the induced roughness without replicating it but increasing the roughness of the top surface. That is, the interface roughness between two nanoporous layers and the top surface roughness are always very similar.
All the layer thicknesses were generally measured as explained below and compared to the intended values. If necessary, this latter result was used to fine-tune the coating thickness by adapting the SiO 2 and the PVA concentrations of the coating solutions.
Film Characterization
Scanning electron microscopy (SEM) micrographs were taken with a JEOL JSM 6400 at the highest possible resolution (magnification ¼ 5 000Â). The samples were prepared with a Leica microtome. The cut procedure was optimized to obtain cleaved edges suitable to determine the layer thickness and to analyze the particle agglomeration. A thin (%30 nm) gold layer was deposited on the surface of the nanoporous films as conducting layer. The mean film thicknesses were obtained by averaging several measurements taken at different positions on the sample surface.
Atomic force microscopy (AFM) measurements were performed with a scanning probe microscope NT-MDT Solver PRO-M in semicontact mode with Si cantilevers. Tips were chosen with a curvature radius of 10 nm. The surface homogeneity was checked by repeating measurements at several positions on the film surface over 5 Â 5 mm 2 regions.
Optical Measurements
Standard specular reflectance and transmittance measurements were performed by means of an optical bench equipped with an integrating sphere (Oriel, mod. 70679), a standard halogen lamp as illumination source (12 V, 100 W) and a high-resolution spectrophotometer composed by a monochromator (Jobin-Yvon, mod. HR460) coupled to a Si CCD detector. Both the total and the specular reflectance/transmittance were measured in the visible spectral range. The optical characterization was completed using a spectroscopic ellipsometer with a rotating polarizer (Sopra, mod. GESP5). For the ellipsometric measurements, the uncoated surface of the film substrate was roughened and covered with a black absorbing paint in order to suppress the light reflection from the lower sample surface. The standard procedure described in ref. [53] was used to calculate the polarization degree. The refractive index of the bare AlOOH nanoparticles was roughly estimated using refractive index matching liquids and found to be close to that of Al 2 O 3 , i.e., in the order of 1.645 at 550 nm.
Concerning the optical characterization of the AR multilayers, the PET substrates were coated either on one or two surfaces for ellipsometric and reflectance measurements, respectively. In the first case, the uncoated surface was treated as for the nanoporous monolayers in order to suppress the light reflection at the bottom surface.
Specular reflectance measurements as a function of both polarization and angle of incidence were performed using the ellipsometer in the photometry mode, i.e., as a standard polarization-sensitive spectrophotometer with angular resolution.
Results and Discussion

Nanoporous Monolayers
We coated a series of both SNP and LNP SiO 2 -based monolayers on transparent PET substrates. The precursor solutions were deposited on one side of the substrate covered by a 100-nm adhesion layer (Figure 1) . It is during the drying phase after the film coating that our hybrid polymer layers develop their typical porous morphology: the primary nanoparticles form larger agglomerates in the order of 10 to some 100 nm with the PVA acting as a simple binder, while air pores appear in the layer bulk. The resulting porosity as well as the pore size are the critical factors that eventually determine the optical properties of such films. [46] On one hand, increasing the porosity decreases the average n value of the layer. On the other hand, if the pore size is comparable to or larger than the visible wavelengths, the film appears to be opaque due to the light scattering. On the contrary, if the length scales of the porous structure are much lower than the visible wavelengths (i.e., smaller than a few hundred nm), the light scattering becomes negligible and the nanoporous films appear to be transparent. [42, 54] Both the layer and the surface morphologies were investigated by SEM and AFM. The SEM images of both the SNP and the LNP films are shown in Figure 1(b) and (c) , respectively. The film thickness (5 and 6 mm for the SNP and the LNP films, respectively) was roughly estimated by averaging several measurements taken at different positions on the sample surface. The SEM micrographs reveal a homogeneously porous morphology with pore sizes in the order of several 10 nm, i.e., below the 100-nm threshold where the visible light starts to be scattered. [42, 54] Moreover, because of the very low n-contrast between the SiO 2 and the film matrix, the light scattering from the nanoparticle agglomerates dispersed in the layer bulk is very moderate and our nanoporous layers are indeed highly transparent: transmittance (T) and specular reflectance (R) measurements over the entire visible spectrum are reported in Figure 2 for both the SNP and the LNP films. The interference fringes that appear in both T and R spectra are due to the multiple interferences at the film-substrate and the film-air interfaces. We highlight that for all our nanoporous films the average R is as low as 5 AE 1%, while T reaches values well above 90%. Nevertheless, the AFM measurements show a slight surface roughness (some tens to hundreds nm) due to the presence of nanoparticle agglomerates at the film surface [ Figure 1 (d): note that, since AFM images are always a convolution of the surface topography with the tip shape, the 10-nm curvature radius of our tips limits the resolution for the smallest features]. Since these agglomerates are almost uncapped, they can actually originate a moderate light scattering: as it is shown in Figure 2 (b), residual diffused transmittance and reflectance contributions in the order of 1-3% were indeed measured for all the studied samples. Ellipsometric measurements were performed on all samples ( Figure 3) . A polarization degree larger than 95% was measured over the entire visible spectrum, [53] thus confirming that (i) in spite of their nanoporous morphology, our hybrid films can be considered as homogeneous with regard to their macroscopic optical properties, and (ii) no depolarization effects are introduced by the residual surface . Therefore, in order to fit the ellipsometric spectra, we adopted a standard multi-layer model that includes an effective layer mimicking the contribution of the surface roughness [ Figure 1(d) ]. [55] The thickness (105 AE 10 nm) and the refractive index of the adhesion layer and of the PET substrate were obtained by separate ellipsometric measurements (Figure 4) . The free fitting-parameters were the thickness t npl and the refractive index n of the nanoporous film as well as the thickness t rou and the air percentage of the roughness layer (see the Supporting Information for a description of the fitting Nanoporous Films with Low Refractive Index for Large-Surface Broad-Band Anti-Reflection . . . The n values stemming from the fit of the ellipsometric spectra are reported in Figure 3 (a): they yield an average layer porosity in the order of 47% and 56 AE 1% for the SNP and LNP films, respectively. [56] In order to check the reliability and the precision of the obtained n values, they were used to fit the corresponding R spectra [ Figure 2 (a): gray dotted lines]. To this aim, a transfer-matrix method was adopted that models the nanoporous films as a homogeneous layer with an average thickness ht npl i and a roughness root mean square D rou and takes into account the surface/interface light scattering basing on the model of ref. [57, 58] We highlight that both SNP and LNP films are characterized by n values lower than 1.2 over the whole visible spectrum with negligible refractive index dispersion. In particular, in the SNP layers we could achieve very low n values in the order of 1.13-1.14 with high transparency (T > 90%) and very moderate residual light scattering (%1-3%). The advantage of our coating technique with respect to other procedures is its intrinsic versatility. On one hand, the choice of the nanoparticle size (e.g., ''small'' vs. ''large'' nanoparticles) and their eventual surface treatment, as well as the formulation of the coating solution (e.g., the polymer content), have an important impact on the achievable degree of porosity, thus enabling the fine-tuning of the intended n values. On the other hand, the possibility of choosing among several nanoparticle materials (e.g., SiO 2 , AlOOH, and TiO 2 ) gives access to different refractive index windows from very low (n < 1.2) up to low (1.2 < n < 2.0) values. Namely, the refractive index of the oxide nanoparticles controls the range of n that can be achieved, with the SiO 2 -and TiO 2 -based films covering the very low and the high end of the scale, respectively. Therefore, in order to thoroughly demonstrate the potential of our method, we fabricated AlOOH-(with small and large primary nanoparticles) and TiO 2 -based nanoporous monolayers with morphological properties similar to those of the SiO 2 -based films described above: their refractive index spectra are shown in Figure 3(b) . Finally, we observe that such nanoporous films are state-ofthe-art components in the imaging industry and serve as absorbing layers for ink-jet printing materials.
[52] These films yield excellent performances in adverse light and climate conditions and have reasonable chemical stability (e.g., excellent water stability). Layer adhesion and brittleness are well understood as the layers are typically applied to flexible substrates. However, due to their high porosity, mechanical durability is limited and staining by absorption of dirt or colored liquids is possible.
Graded-Index Nanoporous AR Multilayers
With the possibility of coating in a single fabrication step hybrid polymer multilayers consisting of several nanoporous layers, while adjusting independently the layer thicknesses and their porosity (i.e., their optical properties), our hybrid polymer nanoporous films are suitable to develop complex optical devices like, for instance, AR coatings. Therefore, we designed and fabricated a gradedindex three-layer structure consisting of two SiO 2 -based nanoporous layers with low (lower layer) and high (upper layer) porosity (i.e., high and low n, respectively) on top of the adhesion layer [ Figure 4 (a)]. The same coating procedure used for the SNP films was adopted and, being the PET film transparent, the same AR coating was fabricated on both sides of the plastic substrate. The compositions of the coating solutions were chosen to adjust both the thicknesses and the refractive index of the nanoporous layers so to minimize the reflectivity of the coated substrate at certain wavelengths in the 500-600 nm spectral interval. [26] Two AR films were fabricated changing the lower layer (B or C) while keeping the same upper layer (A) [layers (1) and (2) in Figure 4 (a), respectively]. Figure 4 (b) presents the n spectra of the basic building blocks as measured independently by ellipsometry. The R and T spectra of the PET substrate both uncoated (black lines) and coated on both surfaces with the AB (red lines) and the AC (blue lines) films are shown in Figure 5 . Note that the presence of either the AB or the AC multilayer reduces the film reflectance to values in the order of few 0.1%s over the entire visible spectrum, while the transmittance increases correspondingly from 85% (PET) to values higher than 95%. Ellipsometric and reflectance spectra of both AR films were fitted using an extension of the models adopted for the monolayer samples (see the Supporting Information for a description of the fitting models). From the best fit of the ellipsometric spectra we obtained t npl (1)/(2) ¼ 122/365 and 326/ 820 AE 10 nm with t rou (1)/(2) ¼ 117/69 and 117/89 AE 5 nm for the AB and the AC films, respectively, in agreement with the fit of the reflectance spectra [dotted lines in Figure 5 (a)] [57] yielding ht npl i (1)/(2) ¼ 260/450 and 450/ 860 AE 10 nm with D rou (1)/(2) ¼ 60/45 and 60/50 AE 5 nm for the AB and the AC films, respectively. We observe that, while the intensity of the residual light scattering from the film surface is very moderate ( 1-3%), the interference properties of our nanoporous multilayers are influenced by the interface roughness. Due to the presence of a roughness root mean square in the order of some ten nm, the interference maxima and minima in the R spectra are smoothed and broad spectral regions are obtained where the reflectivity is almost constant with a measured experimental value as low as 0.1%. Note that, as it is shown by the fit in Figure 5 (a) (dotted line), theoretical values in the order of few 0.01%s may be actually achieved for few given wavelengths. The design of multi-layer films with an optimized gradedindex profile [28] would certainly allow us to lower the experimental R value while keeping the typical broad-band response that is one of the main assets of our nanoporous AR coatings together with their large surface. A second set of the AC films was fabricated with different layer thicknesses: the values obtained from the fit of the reflectance spectra are ht npl i PET surface are presented. With our hybrid polymer AR multilayers on both sides, the transparency of the PET film is clearly increased and, correspondingly, the residual glare is reduced, i.e., the reflected image of both the text and the source is completely suppressed. The R spectra of both the uncoated and the coated PET substrate are reported in Figure 6 (c). We observe that the measured reflectivity of the optimized AC(2) coating is almost constant (in the order of few 0.1%s) over the entire visible spectrum and its average value is slightly lower than for the previous AC film, while the minimum of the simulated R spectrum (dotted line) does reach values down to several 0.001%.
Finally, in order to thoroughly characterize the AR properties of our graded-index nanoporous multilayers, [24] we measured both the unpolarized and the polarized (with both s-and p-polarized light) R spectra of the AC(2) film at variable incidence angle from 08 (normal incidence) up to 608 and we compared them with the corresponding spectra of the uncoated PET substrate. The experimental spectra measured at 0 and 408 are reported in Figure 7 (gray and black lines, respectively). With unpolarized light the AR performances of Nanoporous Films with Low Refractive Index for Large-Surface Broad-Band Anti-Reflection . . . our hybrid polymer coatings are not affected by variations of the incidence angle for values up to 508: the reflectivity of the coated substrate remains in general 1-2 orders of magnitude lower than that of the bare PET [see Figure 7 (a)]. Moreover, for the same incidence angles and in presence of polarized light, the AR response is almost polarization-insensitive [see Figure 7 (b)]. Note that for the p-state reflectance values as low as 0.02% are reached for a 408 incidence.
Conclusion
In conclusion, we demonstrated that both high transparency and very low refractive index can be simultaneously achieved over the entire visible spectrum in hybrid polymer films coated with an industrial aqueous-based method on very large surfaces (from cm 2 up to several m 2 ). Using such nanoporous layers as basic building blocks, multilayer films with a total thickness of few mm and consisting of up to eight different layers can be fabricated in a single roll-to-roll process on flexible substrates. In particular, we designed and fabricated graded-index hybrid polymer coatings that, once deposited on a polymer substrate, successfully reduce its surface reflection from 10% to few %, with theoretical reflectivity values that may reach some 0.01-0.001% depending on the multilayer structure. We highlight that, on one hand, after being coated on a flexible support, our films may be transferred onto other inorganic substrates (e.g., Si/SiO 2 wafers). On the other hand, both the film quality and its optical performances may be further improved by optimizing the coating process. Finally, our low-n nanoporous layers can be combined in a complex multilayer stack with other polymer or nanoporous layers with n values higher than 1.5 (e.g., our TiO 2 -based films), thus allowing the fabrication of graded-index films with more sophisticated index profiles [28] and good AR properties for a large palette of both organic and inorganic substrates. 
